Infants with surgically correctable anomalies, abdominal wall defects (AWD) or congenital diaphragmatic hernia (CDH) may have poor postnatal diaphragmatic function, because the low intra-abdominal pressure experienced by such patients in utero could result in impaired diaphragmatic development. Our objective was to compare postoperative diaphragmatic function of infants with CDH or AWD to that of gestational age-matched controls. Diaphragmatic function was assessed by measurement of the transdiaphragmatic pressure and maximum inspiratory pressure at the mouth generated during crying against an occlusion. In addition, the transdiaphragmatic pressure produced by unilateral and/or bilateral magnetic stimulation of the phrenic nerves (TwPdi) was examined. Lung volume was assessed by measurement of functional residual capacity (FRC) using a helium gas dilution technique. Ten infants with CDH, 26 with AWD infants (19 gastroschisis, seven exomphalos), and 36 gestational age-matched controls were studied. Compared with their matched controls, the eight CDH infants with left-sided defects had significantly lower left (p Ͻ 0.01) and right (p Ͻ 0.05) TwPdi and FRC (p Ͻ 0.01), and the gastroschisis infants, but not those with exomphalos, had significantly lower left and right TwPdi (p Ͻ 0.05). There were no significant differences in transdiaphragmatic pressure and maximum inspiratory pressure at the mouth between the CDH or AWD infants and the controls. Surgically correctable birth defects, CDH, and AWD are common and associated with respiratory morbidity. Infants with CDH can suffer bronchopulmonary dysplasia and recurrent infections (1, 2) and, in both conditions, pulmonary function abnormalities are demonstrated outside the perinatal period (1-4). These problems may be due to poor antenatal lung growth. Abnormal diaphragmatic function impairs antenatal lung growth (5-8) and we hypothesize that infants with CDH or AWD may have abnormal diaphragmatic development and function. CDH and AWD infants experience low intraabdominal pressure in utero, as viscera are extra-abdominal. Repetitive (9) or passive (10) stretch of skeletal muscles is important to increase myofiber diameter and area. The ipsilateral diaphragm of a CDH infant would be expected to function poorly immediately after operative repair but, if our hypothesis is correct, then the contralateral diaphragm function would also be reduced because of the low intra-abdominal pressure in utero. Diaphragmatic function in neonates has previously been assessed by measurement of cPdi (11) 
Surgically correctable birth defects, CDH, and AWD are common and associated with respiratory morbidity. Infants with CDH can suffer bronchopulmonary dysplasia and recurrent infections (1, 2) and, in both conditions, pulmonary function abnormalities are demonstrated outside the perinatal period (1) (2) (3) (4) . These problems may be due to poor antenatal lung growth. Abnormal diaphragmatic function impairs antenatal lung growth (5-8) and we hypothesize that infants with CDH or AWD may have abnormal diaphragmatic development and function. CDH and AWD infants experience low intraabdominal pressure in utero, as viscera are extra-abdominal. Repetitive (9) or passive (10) stretch of skeletal muscles is important to increase myofiber diameter and area. The ipsilateral diaphragm of a CDH infant would be expected to function poorly immediately after operative repair but, if our hypothesis is correct, then the contralateral diaphragm function would also be reduced because of the low intra-abdominal pressure in utero. Diaphragmatic function in neonates has previously been assessed by measurement of cPdi (11) . That test, however, is volitional and hence the results could be variable. Diaphragmatic force production can be assessed using a nonvolitional test, that is magnetic stimulation of the phrenic nerves. We (12) have previously demonstrated that this technique is easily applied, well tolerated, and reproducible in infants. The aim, therefore, of this study was to test our hypothesis by comparing the diaphragmatic function (assessed using volitional and nonvolitional tests) of infants with surgically correctable AWD or CDH to that of gestational age-matched controls.
METHODS
During a 3-y period, infants who had had a CDH or AWD surgically repaired at least 1 wk previously were eligible for entry into this study. Each infant, whose parents gave written consent, was then matched for gestational age to a control infant. The controls had all been admitted to the NICU but, at the time of measurement, had no ongoing respiratory problems or supplementary oxygen requirements for at least 4 d. The study was approved by the hospital's Research Ethics Committee and the parents of all the infants who participated in the study gave informed, written consent.
Diaphragm function was assessed, once the CDH and AWD infants no longer required either mechanical ventilation or continuous positive airway pressure, by measurement of the maximum cPdi and Pimax generated during crying against an occlusion. In addition, TwPdi was examined (12) . No sedation was given and the infants were studied in the supine position at least 1 h after a feed. Poes, Pgas, and transdiaphragmatic pressures were measured using balloon catheters (Morgan Medical-UK, Rainham, U.K.) placed in the lower esophagus and stomach. Each catheter was 116.5 cm long with an interior diameter of 1 mm. The esophageal balloon was 2.9 cm long and had a circumference of 1.2 cm when uninflated and the gastric balloon was 4.2 cm long and had a circumference of 2 cm when uninflated. Both balloons had a wall thickness of approximately 0.075 mm. Mouth pressure was measured from a side port of a pneumotachograph (Mercury F10L, GM Instruments, Kilwinning, Scotland) inserted into a facemask. The total dead space of the pneumotachograph and facemask in situ was approximately 4.5 mL. Mouth pressure, Poes, and Pgas were measured using differential pressure transducers (MP45 range Ϯ 100 cm H 2 O, Validyne, Northridge CA, U.S.A.). The pressure signals were displayed in real time on a computer (Macintosh Centris 650, Apple Computer Company, Cupertino, CA, U.S.A.) running Labview 2.2 software (National Instruments, Austin, TX, U.S.A.) with analog to digital sampling at 100 Hz (NB-MI016, National Instruments). Pdi was obtained by online subtraction of Poes from Pgas. Accurate measurement of transdiaphragmatic pressure was ensured by correct positioning of the balloon catheters. Initially, both the esophageal and gastric balloon catheters were placed in the stomach as indicated by positive pressure swings during inspiration. The esophageal catheter was then withdrawn until a negative pressure deflection was recorded during inspiration. A temporary occlusion of the airway was then effected by occluding the distal end of the pneumotachograph with the face mask placed over the infant's nose and mouth. The esophageal balloon catheter was confirmed to be correctly sited when the pressure recorded by the esophageal balloon catheter was 90 -110% of the pressure recorded inside the face mask (13) . The gastric balloon catheter was assumed to be correctly sited when there were positive pressure swings during inspiration.
To measure Pimax and cPdi, the facemask was held firmly over the infant's nose and mouth during crying. The airway was occluded at end expiration, that is, at the end of a crying effort. The infants were observed for evidence of chest wall distortion during occlusions and none was witnessed. The timing of the occlusions was determined by observation of the real-time display of the flow signal. Pimax was measured from the pressure changes during crying. Pdi was obtained online by substraction of Poes from Pgas. The baselines of cPdi, Poes during crying (cPoes), and Pgas during crying (cPgas) were identified during quiet breathing. Two or three sets of five or more occlusions, giving at least 10 airway occlusions, were performed and the maximum Pimax and cPdi achieved for an individual noted. The mean intracoefficients of variation of cPdi and Pimax were 7% and 12%, respectively.
AMS was performed using a 90-mm circular coil (Magstim Co., Whitland Dyfed, U.K.) (Fig. 1) . A section of the face of the stimulating coil was placed over the phrenic nerve on the anterior aspect of the neck at the posterior border of the sternomastoid muscle at the level of the cricoid cartilage. Bilateral stimulation was performed by discharging two magnetic coils simultaneously. A Magstim 200 (high-power) magnetic stimulator (Magstim Co.) was used to power the magnetic coils. The phrenic nerves were stimulated at end expiration at maximum stimulator output. At least 10 separate, single stimulations were performed on each side or bilaterally. Right and left unilateral and/or bilateral stimulations were performed on each infant. End expiratory Poes was used as an indicator of lung volume relative to FRC, and AMS was only performed when Poes was at its resting baseline FRC value. Only twitches occurring at end expiration, as indicated by Pdi, Poes, and Pgas waveforms, were analyzed. At least five stimulations were suitable for analysis on each occasion. The data are reported as the mean of at least five satisfactory twitches. Sleep state was not formally assessed, but infants were only studied during periods of quiet sleep, when rapid eye movements and gross body movements were absent, or when awake. The infants were observed for evidence of chest wall distortion during the measurements, none was observed. To avoid twitch potentiation of the diaphragm, there was a period of 10 min of quiet breathing before stimulation was commenced and a 20-s interval between each twitch.
Lung volume was assessed by measurement of FRC using a helium gas dilution technique and a specially designed infant circuit with a volume of 95 mL (14) . The FRC system (Series 7700, Equilibrated Biosystems Inc, Melville, NY, U.S.A.) contained a rebreathing bag, connected to a three-way valve and face mask from which the infant breathed, and a helium analyzer with a digital display. Helium concentration was recorded before and at 15-s intervals during the measurement. Equilibration was assumed when there had been no change in the helium concentration over 30 s. The initial and equilibration helium concentrations were used in the calculation of FRC, which was corrected for oxygen consumption, assumed to be 7 mL/kg/min (15) , and body temperature and pressure saturated conditions. FRC was estimated twice in each infant, with an interval of 10 min between measurements. An individual's FRC was the mean of the paired measurements and related to body weight. The coefficient of repeatability of FRC measurements in spontaneously breathing infants is 3.9 mL/kg (16) . The median FRC of term infants is 30 mL/kg (range, 24 -36 mL/kg) (4) .
Statistical analysis. The data were tested for normality using the Kolmogorov-Smirnov and D'Agostino skewness tests. Accordingly, differences were assessed for statistical significance using the Mann-Whitney U test. The StatView 5.0 package (SAS Inc., Cary, NC, U.S.A.) was used.
Patients. All of the infants with surgically correctable anomalies had been diagnosed antenatally, at the latest, by 20 wk of gestation. All were delivered, underwent surgical repair, and received intensive care at King's College Hospital. During the 3-y period, 16 infants with CDH were consecutively admitted to the NICU at KCH. Three infants died postoperatively and three parents did not consent for their infants to take part in the study. The CDH group, therefore, comprised 10 infants (six male), eight of whom had left-sided defects ( Table 1) . The CDH infants underwent surgery at a median age of 3.5 (range, 2-6) d after a period of preoperative stabilization. Three infants with large diaphragmatic defects had surgical closure with expanded polytetrafluoroethylene patch (Gore-Tex, WL Gore, Flagstaff, AZ, U.S.A.). None of the infants required either high-frequency oscillation or extracorporeal membrane oxygenation, but two received inhaled nitric oxide preoperatively. The median duration of ventilation of the CDH infants was 8 (range, 4 -54) d. The infants were studied at a median of 16 (range, 7-46) d after surgical repair. At the time of study, two infants were still dependent on supplementary oxygen. The diagnoses on admission to the NICU of their matched controls (eight male) were meconium aspiration syndrome (n ϭ 1), TTN (n ϭ 2), hypoglycemia (n ϭ 2), birth depression (n ϭ 3), infection (n ϭ 1), and NAS (n ϭ 1).
During the study period, 40 infants with AWD (28 with gastroschisis) were consecutively admitted to the NICU. Parental consent was not obtained in eight cases (seven gastroschisis) and two infants with gastroschisis and one with exomphalos were too unwell to be tested; one infant with gastroschisis subsequently died. Two infants with exomphalos had only minor defects and thus were not included in the study. One infant with exomphalos became agitated when studied and the procedure was discontinued. Results are therefore reported on 19 infants with gastroschisis (nine male) and seven infants with exomphalos (two male) and their gestational age-matched controls (11 male controls for the gastroschisis infants, four male controls for the exomphalos infants) ( Table 2 ). Primary closure of the anterior wall defect was undertaken whenever possible, otherwise a thin layer silo was created and staged closure undertaken. The AWD infants were ventilated for a median of 5 (range, 0.5-35) d. The infants were studied at a median of 20 (range, 9 -72) d after final surgical repair. At the time of study, two exomphalos and no gastroschisis infants were oxygen dependent. The diagnoses on admission to the NICU of their matched controls were meconium aspiration syndrome (n ϭ 1), TTN (n ϭ 4), hypoglycemia (n ϭ 6), birth depression (n ϭ 5), prematurity (n ϭ 4), rhesus isoimmunization (n ϭ 1), infection (n ϭ 4), and NAS (n ϭ 1).
RESULTS
Magnetic stimulation was well tolerated by all the infants studied and measurements of TwPdi obtained in all patients. The median left (p Ͻ 0.01) and right (p Ͻ 0.05) TwPdi (Fig.  2) and FRC (p Ͻ 0.01) of the CDH infants with left-sided defects were lower than those of their controls, but there were no significant differences in the Pimax and cPdi of the two groups ( (Fig. 3) than their matched controls (Table 2 ), but had similar cPdi, Pimax, and FRC results. None of the results of the exomphalos infants differed significantly from their matched controls (Table 3) .
DISCUSSION
We have demonstrated that diaphragm function, as assessed by measurement of TwPdi, was poorer in the CDH and gastroschisis infants than their matched controls. No significant differences in cPdi and Pimax, however, were demonstrated between the groups. cPdi has previously been noted to be similar in AWD or CDH infants and controls (11) . In the previous study (11) , only cPdi was measured, cPdi is an effort-dependent test and the results can be submaximal and variable. In addition, maximal Pdi can vary considerably depending on whether the inspiratory effort is primarily the result of contraction of the diaphragm or whether the intercostals or accessory muscles are recruited (17) . In the earlier study (11), the infants studied had a wide age range. In this study, we examined infants with a much narrower age range and matched the subjects and controls by gestational age. Gestational rather than postconceptional age was used in the matching, as the former correlates better with diaphragmatic force responses elicited by magnetic stimulation of the phrenic nerves (18) . A possible explanation for our findings is that cPdi and Pimax, unlike TwPdi, do not reflect diaphragmatic performance alone. It has been commented (19) that assessment of Pimax does not permit discrimination between inspiratory muscle groups re- (20, 21) . The magnitude of the difference in diaphragmatic function in CDH and gastroschisis infants. compared with controls was relatively small. The controls had all been admitted to the neonatal unit and thus cannot be considered "healthy." They were, however, only studied when no longer requiring supplementary oxygen and had not been exposed to prolonged periods of immobilization or malnutrition or other factors that might influence diaphragmatic function. Thus, we feel they were an appropriate control group. At the time of study, the CDH and AWD infants did not require positive pressure support and were thus not obviously clinically compromised by the poorer diaphragm function. All the infants were studied when awake or during quiet sleep, when patients with diaphragm dysfunction may be asymptomatic. Nocturnal hypoxia associated with diaphragmatic dysfunction occurs during REM sleep when there is intercostal and accessory respiratory muscle inhibition. The intercostals muscles exhibit both phasic and tonic inhibition; paradoxical inward motion of the rib cage during inspiration occurs when their stabilizing effect is inhibited and, to achieve the same tidal volume, the diaphragm must shorten twice as much as during quiet sleep (22) . Hence, during REM sleep the diaphragmatic work of breathing is increased.
A 90-mm double circular coil was used for magnetic stimulation (Fig. 1) , as it allows optimal positioning of the coil on the neck, and the magnetic field strength, depth of penetration ,and induced current in the tissues are of sufficient magnitude to produce supramaximal stimulation of the phrenic nerves using an anterolateral approach. The size and coil design and the ability to apply the coil to the required site of stimulation all influence the suitability of a coil to a particular application. Size and geometry of the coil are important as large coils have lower magnetic fields than small coils but higher depths of penetration. Strength and shape of the magnetic field and depth of penetration affect the current induced in the tissue and it is the size, waveform, and shape of the induced current that are the most important considerations in magnetic nerve stimulation. In adults, the most suitable coil for anterolateral stimulation is a 43-mm figure of eight double coil (23) . The size and shape of this coil allows good positioning on the neck in adult subjects. The coils, however, are too large to be used in neonates.
Although cervical magnetic stimulation has been shown to cause significant extradiaphragmatic muscle depolarization and rib cage expansion (24, 25) , anterolateral magnetic stimulation has been shown in adults to be a more specific stimulus (23) . The shape and timing of the pressure waveforms using anterolateral magnetic stimulation in the current study were similar to the results obtained in adults (23) , suggesting little coactivation of other respiratory muscles. It is also unlikely that coactivation of the contralateral phrenic nerve occurred during unilateral stimulation. Contralateral phrenic nerve stimulation would result in increases in the amplitude of the pressure response elicited by unilateral magnetic stimulation at increasing stimulus intensities, as more and more phrenic nerve fibers on the contralateral side are depolarized. We have previously demonstrated a clear plateau in unilateral TwPdi, with increasing stimulator output suggesting that contralateral phrenic nerve stimulation does not occur (12) . Diaphragm EMG activity, recorded using an esophageal electrode in three adult patients with unilateral diaphragm paralysis, was absent when stimulating the affected side but present when stimulating the normal side, which suggests that cross-activation does not occur (26) . Phrenic nerve stimulation in adults is commonly performed during a momentary occlusion of the airway to obtain a quasi-isometric contraction of the diaphragm. A momentary occlusion is difficult to perform in spontaneously breathing infants with a rapid respiratory rate. We have, however, previously demonstrated no significant difference in TwPdi when the measurement was performed with the airway occluded or unoccluded, suggesting any loss of pressure due air flow and therefore additional volume change was negligible (12) .
Respiratory inductance plethysmography was not used and hence chest wall distortion could not be completely excluded, but no obvious chest wall distortion was noted.
Also, although sleep state was not formally assessed, the infants were only studied during periods of quiet breathing and, when asleep, when rapid eye and gross body movements were absent, thus avoiding the influence of REM sleep when intercostals muscle activity is lost and rib cage distortion occurs (22) . Carbon dioxide was not administered. The infants started crying spontaneously when the face mask was applied. We have previously demonstrated that maximal airway and transdiaphragmatic pressures can be reproducibly measured during spontaneous crying, with coefficients of variation of 12% and 7%, respectively (27) .
The static and dynamic pressure responses of the balloon catheters and associated pressure transducers were assessed and validated before testing. No damping of the twitch pressure response occurred. In addition, comparison with cathetermounted microtransducers indicated no difference in the twitch pressure response between the two techniques. The balloon catheters used in the study, however, are smaller in diameter than those suggested by American Thoracic Society/European Respiratory Society guidelines on respiratory muscle testing (28) , but the same type of balloon was used in both the subjects and the controls and thus the comparison of the results between the groups is valid.
A number of explanations for the lower TwPdi of the CDH and gastroschisis infants must be considered. Malnutrition has been shown to have a close correlation with poor respiratory muscle performance due to a reduced diaphragmatic weight (29, 30) . Only a proportion of the AWD/CDH infants were enterally fed at the time of study and, although all had received total parenteral nutrition, this has not been shown to improve the development or affect the contractile properties of the diaphragm of premature baboons (31) . The gastroschisis infants, as noted previously (32, 33) , were significantly lighter than gestational age-matched controls. This impaired antenatal growth might have influenced diaphragmatic development. Overdistension can also impair muscle function, but none of 506 the infants were hyperinflated (4). Indeed, the median FRC of the CDH patients was significantly lower than their matched controls, reflecting a degree of pulmonary hypoplasia, as has been previously described (34, 35) . Another explanation is that the CDH/AWD infants were all exposed to immobilization perioperatively, which can result in reduction in mass and contractility of skeletal muscles. In animals, this may be evident after as little as 2 d of ventilation, even without use of neuromuscular blocking agents (36) . The CDH/AWD infants were, however, studied once extubated and breathing spontaneously. Surgery, particularly thoracic and upper abdominal, can affect respiratory muscle function, but the effect is transitory (37), hence we studied infants at least a week after their final surgical intervention. The impact of surgical repair on ipsilateral diaphragm function in the CDH patients might last longer than 1 wk, but that would not explain our finding of lower right TwPdi in CDH infants who had had left-sided lesions. Unfortunately, the number of infants with a right-sided defect was too small to make statistical comparisons, but one infant with a right-sided defect had very low right TwPdi. Increased intra-abdominal pressure after surgical closure (38) impairs respiratory function of AWD infants (39) , but again this effect is temporary, with improvements in compliance of the respiratory system being demonstrated by postoperative d 3. All of the AWD infants were studied at least 1 wk after surgical intervention.
We, therefore, speculate that the significantly lower right TwPdi of the CDH infants with left-side defects and the lower left and right TwPdi of the gastroschisis infants were, at least in part, due to poor antenatal diaphragmatic development. There are several explanations for impaired diaphragmatic development and, hence, antenatal lung growth in these infants. The low intra-abdominal pressure applied to the low part of the rib cage and the diaphragm may affect fetal diaphragmatic growth. The absence of abdominal support and the decreased radius of diaphragm curvature could affect fetal breathing and the strength of diaphragm contraction antenatally (40, 41) . Stretch produced by the constant distending pressure and changes in thoracic shape during fetal breathing movements are the mechanical stimuli that promote growth of the fetal lung (42) . We found no significant differences between the results of the exomphalos infants and their matched controls. This may, however, reflect a type II error. An alternative explanation is that the intra-abdominal pressure may not be low in such patients for, although the abdominal contents may be outside the cavity, they remain inside an intact sac (43) . Assessment of the gastroschisis and CDH infants before operation would allow determination of the magnitude of diaphragmatic maldevelopment. The timing of initial surgical intervention in gastroschisis infants and the unstable preoperative condition and use of neuromuscular agents in CDH patients would, however, make such a study very difficult.
CONCLUSION
We conclude that CDH and gastroschisis infants do have impaired diaphragmatic function in the postoperative period. Prospective follow-up is necessary to reveal whether diaphragm function impairment in gastroschisis or CDH infants is symptomatic under certain conditions and if it is associated with the chronic respiratory morbidity (2-4).
